Abstract Preeclampsia is a serious and common hypertensive complication of pregnancy, affecting *5 to 8 % of pregnancies. The underlying cause of preeclampsia is believed to be placental ischemia, which causes secretion of pathogenic factors into the maternal circulation. While a number of these factors have been identified, it is likely that others remain to be elucidated. Here, we have utilized a relevant preclinical rodent model of placental ischemiainduced hypertension, the reduced uterine perfusion pressure (RUPP) model, to determine the effect of chronic placental ischemia on the underlying chorionic tissue and placental villi. Tissue from control and RUPP rats were isolated on gestational day 19 and mRNA from these tissues was subjected to microarray analysis to determine differential gene expression. At a statistical cutoff of p \ 0.05, some 2,557 genes were differentially regulated between the two groups. Interestingly, only a small subset (22) of these genes exhibited changes of greater than 50 % versus control, a large proportion of which were subsequently confirmed using qRT-PCR analysis. Network analysis indicated a strong effect on inflammatory pathways, including those involving NF-jB and inflammatory cytokines. Of the most differentially expressed genes, the predominant gene classes were extracellular remodeling proteins, pro-inflammatory proteins, and a coordinated upregulation of the prolactin genes. The functional implications of these novel factors are discussed.
Introduction
One of the most common obstetrical complications worldwide is preeclampsia, a disorder marked by newonset hypertension and proteinuria. The incidence of preeclampsia in the United States is *5 to 8 %, and it remains to be one of the leading causes of premature birth and maternal/fetal morbidity (Roberts et al. 2003; Sibai et al. 2005) . There is currently no fully effective intervention for the management of preeclampsia. Treatment is largely confined to magnesium sulfate for seizure prophylaxis and anti-hypertensives, which typically fail to fully control blood pressure or stem the progression of the disorder (Turner 2010) . Ultimately, the definitive resolution of the disorder comes only through delivery of the placenta, which was one of the more suggestive clues as to the origins of the disease (Hladunewich et al. 2007 ). Despite years of research, the initiating causes of preeclampsia remain unknown. However, there is a growing belief that the origins of the disease lie in underperfusion of the placenta itself. In normal gestation, fetal-derived cytotrophoblasts invade the maternal spiral arteries which feed the placenta, replace the vascular endothelium, and cause dramatic vasodilation to allow for adequate blood flow to the developing tissue. In preeclampsia, however, the cytotrophoblast invasion is incomplete, and the vessels fail to fully distend-ultimately resulting in inadequate delivery of blood to the placenta and chronic ischemia (Khong and Brosens 2010) . In turn the placenta produces pathogenic factors which are secreted into the maternal blood stream, and are responsible for the symptomatic manifestations of the disorder.
A great deal of research over the last decade has been focused on identifying and studying these placentalderived factors, and several important disease-associated proteins have been identified. The VEGF antagonist sFlt-1, for instance, has been shown to be elevated in the maternal circulation of preeclampsia patients and when infused directly into various animal models, causes symptoms which are reminiscent of preeclampsia itself (Bergmann et al. 2010; Bridges et al. 2009; Maynard et al. 2003) . Inflammatory cytokines, specifically TNF-a likewise are found at elevated levels in patients and also reproduce some of the symptoms of the human disorder in animal models (Kupferminc et al. 1994; LaMarca et al. 2005) . One recent novel factor identified is an agonistic autoantibody to the AT1 receptor, which again partially mimics the disease when introduced into pregnant rodents (LaMarca et al. 2009; Wallukat et al. 2003) . Importantly, none of these factors are found universally in preeclampsia patients, and it remains possible that still-unknown placental factors remain to be identified in the preeclampsia population.
Indeed, a number of laboratories have examined placental tissue from preeclamptic patients in an effort to elucidate new functional pathways in the preeclamptic placenta. These studies have variously looked at the maternal interface (Meng et al. 2012; Winn et al. 2009 ), the villous tissue (Centlow et al. 2011; Cox et al. 2011; Reimer et al. 2002) , or the whole placenta (Goyal et al. 2010) , each of which has demonstrated novel new differentially regulated pathways in the preeclamptic placenta. One limitation of these studies, however, is that due to the nature of their design, they are unable to differentiate between causative differences in gene expression versus those that are a direct result of placental ischemia. Here, we have utilized a model of placental ischemia, which mechanically constricts the vessels feeding the placenta, to examine the direct role of placental ischemia on the expression of potentially pathogenic factors. Through microarray analysis, qRT-PCR, and bioinformatic approaches, we identify several potential new biomarkers and targets for therapy in preeclampsia.
Materials and Methods

Animals
Timed pregnant Sprague-Dawley rats (Harlan, Inc., Indianapolis, IN) were received on gestational day 11. All protocols were approved by the University of Mississippi Medical Center Institutional Animal Care and Use Committee, and followed the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Rats were maintained on a 12:12 h light:dark cycle, at 23°C constant temperature and were provided food and water ad libitum.
Experimental treatment
For reduced uterine perfusion pressure (RUPP) rats, on gestational day 14, animals were suggested to aortic and bilateral ovarian artery constriction. Briefly, rats were anesthetized and maintained on 3 % isoflurane, and a midline abdominal incision was made. After externalization of both uterine horns, one single 0.023 mm silver surgical clip was placed on the abdominal aorta above the iliac bifurcation. One 0.100 mm silver surgical clip was placed on both the left and right ovarian arteries which supply the uterus to prevent compensatory flow. Total reabsorption of pups on gestational day 19 led to exclusion of the animal from the study. Control groups were anesthetized on gestational day 14 to verify pregnancy. Sham surgeries were not undertaken, as sham surgeries have previously demonstrated no significant effect on pup size, blood pressure, or vascular reactivity (Alexander et al. 2001; Sedeek et al. 2008; Walsh et al. 2009 ).
Measurement of mean arterial pressure
On gestational day 18, rats were anesthetized as above and implanted with indwelling carotid catheters consisting of V-3 tubing (SCI) which were tunneled under the skin and eternalized at the back of the neck. The following day, rats were placed in individual restraining cages and acclimatized. Mean arterial pressure was measured consciously for 1 h via Cobe III pressure transducers (CDX Sema) and data was collected and analyzed using receivers, amplifiers, and PowerLab software from ADI. Each experimental group had n = 6.
Tissue harvest
Rats were anesthetized as above. The uterus was externalized, thorough a ventral midline incision, and blood was collected by cannulation of the abdominal aorta. Records were made of the viable and reabsorbed pups present in each animal, and individual pups and placentas were weighed and recorded. Two random placentas from each animal were selected for RNA isolation. The selected placentas were immediately dissected by removal of the myometrium and trophospongium layers. The intervillous space was rinsed gently in cold PBS, and placental villicontaining segments were excised from the labyrinth. The tissue was immediately immersed in RNAlater (Ambion), refrigerated overnight and then kept at -80°C until preparation of RNA.
Microarray experiments
Whole genome transcript analysis was performed using Affymetrix platforms. RNA was isolated using TRIzol Ò and Invitrogen PureLink Kit (Life Technologies) and evaluated for quality and integrity (Bio-Rad Experion TM System). RNA samples were processed per manufactures directions for specific application [GeneChip Ò 1.0 ST] using Affymetrix equipment (Scanner 3000 7G System). Hybridized chips were automatically washed, stained, and scanned at the UMMC Institutional Molecular and Genomics Core using Affymetrix equipment. Data obtained from these gene expression studies are deposited in the Gene Expression Omnibus (GEO) database (http:// www.ncbi.nlm.nih.gov/geo/) with the GEO accession number GSE50596.
Analysis of microarray data was performed using software provided by Affymetrix (Affymetrix Ò Expression Console TM Software) and commercially available GeneSifter TM software platform (http://www.genesifter.net) and/ or Array Star 5 (DNASTAR, Inc, WI). In brief, differentially expressed genes evaluated by t test using two methods: (1) FWER (family-wise error rate) procedure, p \ 0.05 and fold-change ± 1.2 or greater; and/or (2) Benjamani and Hochberg FDR (false discovery rate) which corrects for multiple comparison, using p \ 0.05, and foldchange ± 1.2 or greater. Two-way ANOVA using a p \ 0.01 or lower was performed to identify interaction effects between groups. Gene networks and functional analysis were evaluated through the use of Ingenuity Pathways Analysis (Ingenuity Ò Systems, www.ingenuity. com). n = 6 for both groups.
qRT-PCR mRNA levels were confirmed by means of qRT-PCR. cDNA was produced from 2 lg total RNA by Superscript II in concert with oligo dT primers (Invitrogen). Measurements were made from n = 6 in each experimental group. Primers for all genes of interest were designed using Primer-BLAST (NCBI), and were supplied by Invitrogen. Real time amplification was carried out with SYBR-Green Supermix (Bio-Rad) with a Bio-Rad CFX-96 qRT-PCR system undergoing 40 rounds of amplification. Relative fold change was determined by means of the 2 DDCt method, with n = 6 in both groups. Specificity of amplification was confirmed by melt curve analysis and resulting PCR products were observed visually on 3 % agarose gels to confirm the presence of a single product.
Results
RUPP animals exhibit hypertension and placental/fetal growth restriction
To verify the efficacy of the RUPP procedure, the mean arterial pressure, fetal weight, and placental weight of the control and RUPP animals were determined on gestational day 19. As seen in Fig. 1a , RUPP animals exhibited a significant elevation in blood pressure when compared to the control group (99 ± 3 vs 127 ± 2 mmHg, p \ 0.05), in line with observations from previous studies. In agreement with previous work in this model, fetal and placental mass were significantly reduced using RUPP treatment. RUPP animals demonstrated a *20 % reduction in fetal mass (2.29 ± 0.6 vs 1.8 0.13 g, p \ 0.05), as seen in Fig. 1b . As seen in Fig. 1c , RUPP animals also exhibited a *19 % decrease in placental mass (0.59 ± 0.01 vs 0.48 ± 0.04 g, p \ 0.05). Together, these data show that the RUPP animals were hypertensive and exhibit both fetal and placental growth restriction.
mRNA analysis of placental villous tissue
To determine the effects of chronic placental ischemia on gene expression, placental villi-containing sections of the labrynth were subjected to RNA isolation and microarray analysis to determine relative gene expression versus control animals. At a statistical cutoff of p \ 0.05, there were 2,557 genes differentially expressed, a volcano plot of which is demonstrated in Fig. 2a . However, the changes in gene expression in the vast majority of these genes were relatively mild, with only 22 demonstrating greater than a 50 % change in expression, as demonstrated in the HEAT map in Fig. 2b and summarized in Table 1 . A large sampling of the most differentially expressed genes was further confirmed by means of qRT-PCR analysis, the results of which are presented Fig. 3 . While the magnitude of change tended to be significantly greater when monitored by means of qRT-PCR, the direction of change was consistent in all of the mRNAs measured.
Pathway analysis
Gene network analysis was performed with ingenuity pathways analysis, with a statistical cutoff of p \ 0.02. While a number of networks were identified by the software, the two most significantly up-regulated pathways both were linked to cell death (Fig. 4a, b) . Interestingly, Pathway 1 is clustered around NF-jB activation (Fig. 4a) , while Pathway 2 is associated with inflammatory cytokine production and notch signaling (Fig. 4b) .
Discussion
While the underlying origins of preeclampsia remain obscure, a number of pathogenic pathways have been identified which are thought to cause the symptomatic phase of the disorder to a greater or lesser degree. What has become clear is that placental ischemia brought about by insufficient maternal vascular remodeling lies at the root of the most preeclampsia cases. The ischemic placenta is then responsible for the production of pathogenic factors which cause the maternal symptomatic phase of the disorder. Of the identified pathways activated by placental ischemia, sFlt-1 and sEng-mediated angiogenic imbalance and activation of inflammatory/autoimmune pathways have been of particular interest. However, experimental induction of either of these pathways fails to adequately recapitulate the blood pressure and fetal growth restriction which is seen either with experimental chronic placental ischemia or in the more severe forms of the disorder in humans. It is possible that other, still undefined, pathways are induced by placental ischemia and could be playing a role in the clinical symptoms of the preeclamptic patient. Fig. 2 Microarray analysis of gene expression in response to placental ischemia. a Volcano plot of differentially expressed mRNA as determined by microarray analysis at a statistical cutoff of p \ 0.05. 2557 genes were differentially expressed at this significance level. b HEAT map of 22 genes exhibiting [50 % change of expression as indicated by microarray analysis. n = 6 in each group Fig. 1 Physiological response to chronic RUPP. As seen in (a), on gestational day 19, RUPP animals exhibit a significant increase in MAP compared to their normal pregnant controls (99 ± 3 vs 127 ± 2 mmHg, p \ 0.05). This was accompanied by reductions in both (b) fetal weight (2.29 ± 0.6 vs 1.8 0.13 g, p \ 0.05), and in placental mass (0.59 ± 0.01 vs 0.48 ± 0.04 g, p \ 0.05). n = 6 in both groups A number of groups have undertaken gene expression studies to identify novel targets for either biomarkers or clinical intervention. A number of these have, quite correctly, focused on the maternal/placental interface as a possible source for differentially expressed genes which could be responsible for inadequate trophoblasts migration and thus improper maternal spiral artery remodeling. These studies have identified a number of differentially regulated factors in the preeclamptic placenta which could potentially have a role in mediating trophoblasts migration and function (Enquobahrie et al. 2008; Meng et al. 2012; Winn et al. 2009 ). Other studies have looked exclusively at the placental chorionic villi and found significant alterations of a number of pathways, including inflammatory pathways (Centlow et al. 2011; Founds et al. 2009 ), cell adhesion (Reimer et al. 2002) , and cell mobility and hematological function (Founds et al. 2009 ). While these studies have proved insightful and provided a number of novel potential areas of research, they are all confounded by the symptomatic spectrum and genetic background of the patient population. Here, we have attempted to remove some of this variability and look directly at the effects of placental ischemia on the chorionic tissue in a rodent model which recapitulates closely the maternal symptomatic phase of the disorder, with the assumption that the deep tissue is likely to be the most ischemic given its separation from the maternal blood supply.
Unsurprisingly, in response to placental ischemia there was a significant increase in a large number of genessome 2,500 at a statistical cutoff of p \ 0.05. Interestingly, the magnitude change of the vast majority of these targets was relatively modest, with only 22 showing a 50 % or greater change in expression over control levels. It is also interesting to note that of the 22 genes in this group, only one, osteoglycin, was down-regulated, suggesting a generalized increase in gene expression. Interestingly, a number of these most differentially expressed genes have been identified as differentially regulated in human patient populations previously, including pappalysin-A2 (Buimer et al. 2008; Winn et al. 2009 ), PAI-1, and MMP12 (Founds et al. 2009) . A number of the most differentially expressed genes, however, had not been previously implicated in placental ischemia. Though it had been previously observed in extravillous intermediate trophoblasts in normal pregnancy, CEACAM-1 this is the first report of its induction by placental ischemia (Bamberger et al. 2000) . CEACAM-1, a cell surface molecule with both adhesion and co-receptor activity, has been shown to be an important morphogenic effector of VEGF-induced angiogenesis (Ergun et al. 2000) . Furthermore, it was shown that CEACAM-1 is an important regulator of VEGF-dependent vascular permeability both in vivo and in vitro (Nouvion et al. 2010) . It is possible then that its upregulation is in response to decreased bioavailable VEGF previously described in this model. Likewise, L-selectin, an adhesion molecule which is typically thought of as a homing receptor for leukocyte recruitment to endothelium, also has an important role in early establishment of cytotrophoblast cell columns and possibly in trophoblast migration to the maternal vasculature (Prakobphol et al. 2006) . Its upregulation could also be an attempt to compensate for poor placental blood flow by inducing further vascular development and maternal vascular invasion. One consistent theme in the differentially expressed genes is a role in inflammation and immune modulation, in particular through leukocyte recruitment. CEACAM-1 also has a role as a co-receptor for both lymphoid and myeloid cells (Gray-Owen and Blumberg 2006). As mentioned above, L-selectin is an important modulator of leukocyte extravasation and migration (Wedepohl et al. 2012) . Likewise, the decoy chemokine receptor CCRL1 is involved in the steady-state recruitment of leukocytes, possibly by modulating the localized concentrations of active chemokines (Heinzel et al. 2007 ). S100A9, when complexes with S100A8, is believed to promote inflammation by co-activating toll-like receptor 4 (TLR4) and the receptor for advanced glycation end products (RAGE). Furthermore, this signaling axis has been shown to regulate vascular inflammation in experimental vascular injury models, specifically by promoting leukocyte recruitment (Croce et al. 2009 ). It is also worth noting that a previous microarray analysis of chorionic tissue from preeclampsia patients indicated an increase in S100A8, which is necessary for S100A9 function (Founds et al. 2009 ). Additionally, MMP-12, in addition to being an important component of the macrophage contribution to angiogenesis, also has demonstrated activity as a Fig. 4 Ingenuity pathway analysis of top differentially affected pathways from the microarray data. Pathway analysis was performed with a statistical cutoff of p \ 0.02. The top two differentially affected pathways were a involved in NF-jB regulation, and b production of inflammatory cytokines associated with notch signaling Fig. 3 qRT-PCR of mRNA targets identified by microarray. To verify mRNA expression data from earlier microarray experiments, samples were probed using qRT-PCR to verify magnitude of gene expression. While change in magnitude tended to be greater in the qRT-PCR experiments versus the microarray data, the direction of change remained consistent across all targeted genes. n = 6 in both groups pro-inflammatory factor in the lung in vivo (Nenan et al. 2005 (Nenan et al. , 2007 Nucera et al. 2011) . Also of note is the induction of two pregnancy specific glycoproteins (PSGs). PSGs, which have previously been observed at elevated levels in preeclampsia patients, have been shown to induce macrophage secretion of inflammatory cytokines in vitro and regulate T-cell function (Bebo and Dveksler 2005; Snyder et al. 2001) . Taken together, this expression profile suggests several novel inflammatory mediators which are being induced by chronic placental ischemia. Future studies inhibiting these pathways could provide interesting insight into the role of the inflammatory response and the individual factors in mediating the symptomatic phase of the disorder.
Perhaps, the most striking pattern seen in the subset of highly differentially expressed genes is a dramatic upregulation of the prolactin genes. In fact of the 23 most differentially expressed genes, nine of them are prolactin variants. The rodent prolactin genes are significantly different in organization from their human counterpart. While human prolactin is restricted to two nearly identical genes, the rodent prolactin system consists of no less than 23 discrete genes arranged in a single locus, which arose through gene duplication (Alam et al. 2006) . Despite this difference, there is a clear and consistent widespread upregulation of a diverse array of these genes, pointing to a common mechanism of regulation in response to placental ischemia. Interestingly, a correlation between preeclampsia and increased prolactin expression was noted as early as the 1970s, and extensive characterization by the Soares laboratory has demonstrated differential temporal and tissue regional localization of a number of these transcripts in the placenta during pregnancy Alam et al. 2008; Orwig and Soares 1999; Redman et al. 1975; Soares et al. 2007; Wang et al. 2000; Wiemers et al. 2003) . Several recent studies have indicated a link between preeclampsia and elevated prolactin. In the first, a microarray study by Reimer et al. (2002) found significantly increased prolactin expression in chorionic tissue from preeclampsia patients. Even more suggestive, several recent studies have demonstrated significant elevations of prolactin in serum, urine, and amniotic fluid of preeclampsia patients compared to their normal pregnant controls (Leanos-Miranda et al. 2008 , 2013 . The data from this study suggest a direct link between placental ischemia and production of prolactin, and indicate that prolactin production is likely a consequence, rather than a cause, of preeclampsia.
Importantly, besides its commonly known function in the regulation of maternal milk production, prolactin in both the human and rat has other intriguing effects. Full length prolactin proteins are a target for proteases like MMPs and cathepsins, specifically cathepsin D (Baldocchi et al. 1993; Piwnica et al. 2004 ). These cleaved prolactin fragments have a distinctly different biological activity than the full length protein, and have been termed ''vasoinhibins''. These proteins have clear pro-apoptotic, anti-angiogenic, and anti-proliferative biological activity (Clapp et al. 2006 ). They have also been shown to directly antagonize the activity of VEGF, the reduction of which by sFlt-1 has been shown to be an important factor in the symptomatic phase of preeclampsia (D'Angelo et al. 1995 Struman et al. 1999) . The recent studies examining prolactin expression in preeclampsia patients have identified the presence of these vasoinhibins, and they appear to be directly correlated with disease severity (Leanos-Miranda et al. 2008 , 2013 . While the transcriptional data presented here cannot confirm the proteolytically produced vasoinhibins, it is interesting to note that vasoinhibins have also been shown to induce production of adhesion proteins and induce chemokines of the CC family (Piwnica et al. 2004 ). These factors all have paralogous relatives in the most differentially regulated genes identified in this study, i.e., CEACAM1, CCRL1, Selectin, and PAI-1. It is not clear if the two proteases, cathepsin M and MMP-12, will exhibit proteolytic activity on full length prolactin, and biochemical characterization of their interaction should prove interesting. The preponderance of the data suggests, though not definitively, that prolactin-derived vasoinhibins are being produced in response to placental ischemia and are affecting gene transcription in the ischemic placenta.
The current study extends the work of previous microarray studies into the molecular mechanisms of preeclampsia. The advantage of this approach is in dissecting the secondary effects of placental ischemia from possibly confounding primary causes in the patient population. The transcriptional profile elicited by chronic placental ischemia demonstrates a number of novel inflammatory mediators and significant prolactin production, and is strongly suggestive of vasoinhibin fabrication. Future studies looking at the production of these fragments in response to experimental placental ischemia, as well as further characterization of the effects of vasoinhibins on hypertension, proteinuria, and vascular dysfunction during pregnancy could be enlightening, and provide novel diagnostic and therapeutic targets in the preeclampsia patient.
